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CHAPTER 1

INTRODUCTION

1.1 General

Floor system cracking problems, the focus of the present study, occur in both

structures of recent construction and in older bridges which have been in service for many

years. Thus this report deals with one of the several issues in the management of maintenance

and rehabilitation of bridges in the highway transportation system of the State of Illinois and

the nation. Recent inspections of steel bridge floor systems in Illinois have revealed the

existence of cracks in floor beam connection and cope regions which are not always

attributable to expected, load related, causes. Structural behavior due to loads or effects

outside of the usual realm of design calculation is present and deserves study.

The maintenance, rehabilitation and the planning for the replacement of bridge

structures consumes an ever increasing portion of resources and of the time of the staff of

IDOT and the various state bridge departments. Systematic inspections of bridge structures

are now either mandated or attempted as forces permit depending on the class of highway or

street usage and ownership. Invariably difficult decisions must be reached where damage is

evident and remaining life may be threatened.

The discovery of cracking in steel structures mandates a decision; the crack damage

should be measured, documented and carefully studied for at least two structural
possibilities:

" The crack is visible and unsightly, but is stable and not growing (i.e., not

potentially fatal, nor in a fracture critical member ), and action is
warranted to remove the crack or treat it so as to preclude re-initiation
of propagation so as to eliminate the need for continued and frequent
monitoring for possible growth.

" The crack is growing and potentially critical. It may extend to such a
length as to become unstable -- the occurrence of a so-called brittle

fracture.

The issues associated with the existence of cracks in floor systems are a subset of more

general problems associated with the scheduling of maintenance, rehabilitation and the
planning for the replacement of bridge structures. The present study has risen out of specific

cases of floor system cracks which are not immediately detrimental to the structural integrity

of the floor system and which do not at the outset seem related to a usual design basis load
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effects. These detected areas of damage represent obvious and visible cracking but are not in
the usual sense an issue for remaining overall structural fatigue life. The cracks may be the
result of high-cycle fatigue damage or they may be due to other conditions not usually
associated with fatigue. It is important to assess whether the cracks found can continue to
grow and if they do, at what degree of extension do they represent a significant risk for
catastrophic failure.

The existence of a crack represents the completion of the initiation phase of the
fatigue process and that the propagation phase is underway. In complex structural
assemblies, particularly in welded construction, it is often true that micro-defects and
micro-cracks arising from residual stresses pre-exist in the structure before service loading
begins. Essentially the fatigue life of the structure in the context of the present study nearly
always involves primarily the propagation phase of fatigue life.

The design process, particularly using the common standards of structural modelling
and analysis. does not provide design or review information specific enough to address the
issue of possible crack propagation in the locations represented in this study as a design limit
state. Analysis tools of a higher complexity to provide a three-dimensional modelling of the
primary load carrying system, girders or trusses and the floor system are needed as a
minimum. This is not to be taken as a criticism of current design practice since the usual
approach is historically satisfactory when good detailing based on adequate field experience
is invoked.

1.2 Goals of This Report

This study is not intended to modify the current fatigue design procedures for main
load carrying members in bridges [1,21*. The present results could pertain to a structure
which has been adequately designed for fatigue but has now developed secondary cracking in
the floor systim because of phenomena the same as or similar to those discussed herein.

It is the intent that this report both summarize the results of the Project IHR-312
investigation of the subject problem, to serve as a guide to study of the present class of
problems, and as an exposition on crack propagation problems at other locations in steel
bridge structures. The theoretical background for understanding and predicting the
propagation of cracks under cyclic stress applications is well documented in the literature and
verified by experimental evidence. This knowledge must be combined with information on
site specific loading conditions, the structural behavior both on a gross level and in detail at
the critical "hot spot" where cracking has been detected. Case histories will be used to

Numbers in Brackets refer to items in REFERENCES
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illustrate both the results of findings for those cases and as a means for illustrating the
investigative approach which is needed in a more general sense.

These methods are useful for review and decision making for repair, major
rehabilitation or replacement. It is not intended that these methods be appended to the
current fatigue design practice; it would be prohibitive in engineering time to investigate all
possible postulated cracking sites for their initiation and propagation life times. Good design
practice which minimizes adverse geometry in details and adequate quality assurance for
connections is an important factor in "crack free" steel construction.

A significant benefit is associated with a more complete understanding and resolution
of the specific floor beam cracking problems presented herein. These are problems which at
present are deemed repairable, but which may have a high likelihood of reoccurrence.
Without an understanding of the structural phenomena involved, the best present course of

action is to repair the floor beam d-.mage with frequent re-inspection of the repair detail and
adjacent locations which might be subject to similar cracking. A methodology for handling
similar cracking and behavior problems can be directed along the lines followed in this study.

The essential needs in the study involve not only analysis and description of the

structure but also a careful assessment of the loading conditions both in magnitude, and
traffic volume.

For the subject bridges, available field observations, stress measurements and load

studies have been used as background for the present effort. Some general structural analysis
of the bridges using 3-D analysis for forces in the region of the cracking zone were made prior
to the present study.

All analytical studies have been made with FINITE [8], a comprehensive structural

software package with linear and non-linear FEM capabilities, implemented on the Civil
Engineering Department computer laboratory facilities. Any comparable structural software
product would be equally useful.



1.3 Case Study Approach

Floorbeam cracking problems can not be studied in the abstract; each instance of

damage has circumstances of loading, structural restraint, detail geometry, repair potential,

etc., that must be taken in context. Hence this problem area is well suited to investigation by
the case study approach. But for each case history there are common tasks:

" Identify and quantify the live load induced stresses or other environ-
mentally induced conditions which are capable of initiating and
propagating the cracks observed.

" Determine the crack propagation rate and the nature and extent of the
fatigue problem present, making use of stress analysis, truck traffic data
and load histories as available and fracture and fatigue theory.

" Develop a scheme for remedial action in the present structures and
suggest design changes for the future. Verify the suitability of this
scheme making use of the above results.

" Apply a methodology for estimating remaining life of a detail to

determine when replacement (as an alternatiw. to repair) will become
essential. While the above objectives are stated with reference to
specific cracking problems in floor beams, these objectives would also
bear upon on the problems of fatigue cracking in steel bridge members,
i.e., webs, stiffeners, cross frames, etc.

1.4 Case Studies Used

The cases forming the central focus of this report are: (1)The 1-474 Shade-Lohmann

Bridge over the Illinois River south of Peoria., (2) the 1-74 Bridge over the Vermillion River

at Danville, and (3) The 1-74 Bridge over the Sangamon near Mahomet in Champaign

County. These bridges had been the subject of concern of the Bridge Investigation Unit of the
Bureau of Materials and Physical Research and the Bureau of Bridges and Structures (IDOT).

The studies [7,11,12] were the responsibility of the late F. K. Jacobsen with J. M. South and

Ashraf Ali.

The floor system crack damage situation of concern at the outset of this study can be

summarized as follows:

(1) In the 1-474 Shade-Lohmann bridge the cracks occur at the ends of the floor beam

at the junction of the web and the top flange. This location carries zero calculated tension in

this crack region. No appreciable stress can be measured due to live load. In addition there

are small diagonal cracks at the same location near the clip angles which connect the floor
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beams to the main truss system. The bridge is a large three span continuous through truss. The
web cracks which are parallel to the flange have been initially arrested with a drilled hole.

Re-initiation is an issue. It appears that the cracks may turn downward and grow into the web
if not arrested.

(2) At the 1-74 Bridge over the Vermillion River cracks were found the the

cross-frame connection details. The number of cracks was extensive and a specific retrofit
detail for the repair was developed.

(3) At Mahomet the cracks are found in a cope detail at the ends of the floor beam

about 20 ft. from the abutment in the side span of a three span continuous structure. The
cracks have been arrested by a hole; the issue of re-initiation remains. Measured stresses at
the location are significant, probably greater than 12 ksi, under truck traffic. However these
larger tensile stresses in the near vertical direction are associated with the vehicle crossing in
the center span, not when the vehicle is over the floor beam in question. A structural action
involving live load uplift forces seems to be involved.

These cases can be categorized to the extent that three broad situations are covered:

cracking where a potential fatigue situation exists; cracking in a region of no apparent fatigue
potential; and cracking in secondary bracing where fatigue design is not a usual practice.

1.5 Report Organization

The use of linear elastic fracture mechanics to assess the potential for crack growth is
basic to the studies herein and is reviewed in Chapter 2. The three case studies are presented
in detail in Chapters 3, 4 and 5. A presentation of a general methodology of approaching
other cases of this class is outlined and discussed in Chapter 6; the chapter includes a summary

and conclusions.



3 CHAPTER 2

THEORY OF CRACK INITIATION AND PROPAGATION

2.1 Introduction to Elastic Theory

The theory of crack initiation and the linear elastic theory of crack propagation in

structural steel is well developed and has been extensively validated in the laboratory and the

field [3,4,5,6]. It is useful to review this theory to gain an insight into the significant

parameters of the problem.

Primary interest is in the propagation phase of the life of the structural element since

with the discovery of visible cracks the initiation phase is complete. That is, the total life, NT,

is the sum of the initiation life, N1, and the propagation life, Np. It can be shown that indeed

the initiation phase may dominate the total life of the structural element or detail where

cracking is present. But, for the present we seek to describe the remaining life of the

structural element or detail, i.e., the balance of the stable propagation phase. Alternatively

we can extend our analysis to include the effect of introducing hole to arrest the crack of other

modification proposed for repair. Lastly we may have to deal with the issue of re-initiation of

the crack in the repaired structure.

In thin plate elements typical of the problems studies in this program it is useful to

review and discuss first the growth of an edge crack in a moderately wide plate under uniform

stress, one of many standard cases that are documented in the literature (Mode I behavior, see

Fig. 2.5). The crack is assumed to be of length a and subjected to alternating cycles of stress

Ao which are, of course, intensified at the crack tip so that the crack growth is a function of

the variation of the stress intensity, AK. The stress intensity is also a function of a geometry

parameter k(a/b). These relationships are summarized in Fig. 2.1.

It is possible to trace the propagation of a crack through a relatively complex structural

details by making use of one or a combination of several simple propagation models. Thus

the following cases are useful for understanding the phenomena involved and can be

concatenated to give a useful picture of a crack propagation, in stages, first as a simple

through crack until it reaches, say, a flange plate where, second, it grows as a "penny shaped"

internal crack only finally to emerge again as, third, a through crack which threatens the

integrity of a main member.

6



(a) Geometry:I F

Uniform Stress: F = o . w . t

Paris law:
da/dN = A(AK)

af where
AK = 1.12 Au a . k(a)

w 2b and k(f-) is the correction
b-factor shown in
(b).

(b) Correction factor for width (Data, see Ref. 3):

0.5-

1 -"

I 2.

0'2 21 0.6 of 1 1.2

aa

bb

I Fig. 2.1 Propagation of a Simple Through Edge Crack
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A common result of crack initiation from a welded connection or from a propagating
web crack is the initiation of a "penny-shaped' crack in the edge of a flange plate as shown in
Fig. 2.2. This a crack advances as an elliptical crack front until it reached the bottom surface
of the flange. At that stage it again becomes a through crack and again propagates according
to the through crack formulation. The probable mechanism would be propagation into the

fillet weld and then down into the flange.

j- Simple through crack

~propagating in web

-.1,(D

[ 2

, crack growth

S2b

crack front geometry
in the flange plate

Fig. 2.2 Illustration of Crack Front Geometry

In modelling the propagation of the crack illustrated in Fig. 2.2 it is usual for simplicity

to assume a constant proportion for the crack ( Ma = a constant ). The actual calculation for
b

AK follows the same pattern as for Fig. 2.1, but with additional correction factors[3].

A common remedial measure for a crack is to drill a hole at the crack tip to (1) remove
the discontinuity associated with the sharp crack tip and (2) to introduce a known and

8



moderated stress condition. Thus, it is useful to explore the stress intensity factors for a crack

which has re-initiated from a round hole -- a hole which has been drilled to arrest or slow

crack growth.

A F=w.t. Ao

w-2b

F

Fig. 2.3 Reinitiation of a Crack from a Hole

That is, as a through crack formulation as introduced previously corrected for the change in

effective stress intensity produced by the hole. The propagation from a hole can be studied

using the symmetrical geometry shown in Fig. 2.3. The formulation remains the same with a

correction factor fa), values of which are plotted in Fig. 2.4.
J-r

The more general form of the expression for stress intensity is AK - Y Aio/, where

Y is a factor which represents the product of all needed correction factors[6,41. That is, Y will

correct for stress gradient, finite width, geometric shape factors, etc. The effect of this factor

on predicted life is reflected on page 12 with the modification of the factor C1 to include a

term (y)-m.



AK1  = AauI7rT a t- r
3

r = radius of hole

a = crack length from one side of hole

and fl-fa) is a correction factor.
r

(Data, see Ref. 3)

2

a
ft.-)

r
Tocracks

One crack

0
0 2 4 6 8 10

a

r

Fig. 2.4 Correction Factor for a Crack Propagating from a Hole
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Iy

Mode I, Tensionx

Mode II, Shear x

Fig. 2.5 Three Basic Modes of Crack Surface Displacement

The fracture propagation information discussed has been in the simple crack opening
mode wherein the crack is propagating in a tension field -- termed Mode I crack extension as
defined in Fig. 2.5. Two other modes are commonly noted: Mode II which is a shearing
displacement and Mode III which is a displacement across the crack face out of the plane of
the material. Instances exist where mixed modes of behavior are present.

11



2.2 Crack Propagation Life from an Initial Length

The relationship for da/dN shown in Fig. 2.1 can be recast in a form for the calculation

of life (N) corresponding to a growth from an initial crack size to a final crack length
considered critical. The parameters A and m in the formulation are material (LEFM)

properties which have been established with acceptable reliability for various steels.

Table 2.1 Crack Propagation Characteristics of Various Steels[31

Steel Type Typical Structural A m
Grade

martensitic ASTM A514 0.66 x 10- 8 2.25

austenitic AISI 403 3. 0 x 10-10 3.25

ferrite-pearlite ASTM A36, A572 3.6 x 10-'° "" 3.0

I A value of a of 2.Ox 10-10 has been noted by Fisher [4] as average whereas 3.6x 10-10 is high
for structural steels typical of bridge construction; in either case a value of m = 3 is appropriate.

Starting with the basic form of the Paris Law [3], da/dN = A(AK", for crack growth:

dN = da
A (AK"

d a
AK = 1.12 Au Z u1 k(-) = I

dN = daand thus,

A (1. 12 F r and t

II
Np = Cf a T da where,

a

= 1
A (1.985)" (AO "

In the formulation for dN above the limits on the integration, initial and final crack length.

clearly determine the life to be expected. The initial crack size, ai , may be specified as a

design parameter or may be inferred from studies of laboratory fatigue failures. The final

crack size, af, must be selected either to represent the largest acceptable crack, non-fatal,

12



before repair is initiated, or it is limited by the critical crack length for the initiation of an

unstable running crack - brittle fracture.

2.3 Critical Crack Length and Brittle Fracture

From the above it is seen that the propagation life calculation may be carried out using a

reasonable assumption of initial crack length and a limit on final crack length. The length of

existing cracks (when visible) should be measured with reasonable accuracy on the bridge.

When cracks are not visible, the value of initial crack length ( ai ) may be inferred from test

data on similar structural details or assumed on a basis of a length related to the limits of

detection. The final crack length corresponding to the propagation life can be interpreted

several ways:

" As the maximum length acceptable before repair procedures are

deemed essential.

" The length at which the crack will become unstable and a brittle (fast
running) crack will result.

The determination of the critical crack length must be related to the material

properties which govern fracture sensitivity. There are a number of parameters which are

significant including material type, temperature and crack length and geometry.

Fracture Toughness, CVN and K1 c

With the existence of a crack determined and the stress intensity at the crack tip

estimated, the assessment of unstable behavior requires a determination of the notch

toughness of the material at the damage site. Clearly material property determinations

including Charpy Tests, other fracture toughness tests such as a three point CTOD test would

be desirable, but might not be justified by a low criticality of the crack location or may involve

test program costs which exceed a simple repair of the damage. Where testing is not possible

the literature provides guidelines which are helpful.

Most toughness measures and the AASHTO specification are presented in terms of

limits on Charpy Test results -- CVN limits at specified temperatures. The correlation
between CVN values and KI, values is important. One critical element in the determination

of KIc is loading rate. Rolfe and Barsom[3] present several correlations independent of

loading rate; numerical values for these are plotted in Fig. 2.6 following to illustrate the

scatter in these correlation equations. The most conservative relationship denoted "c", is

given as KI, = 7.616 (CVN)3/4 . This is derived from the relationship

K2c= 2 (CVN)3/2 . However this may be quite conservative and is not useful for low

E

13



strength steels. A more useful approach is to obtain CVN results and interpret them as
dynamic values (Kid) values; the static values are obtained using a temperature shift
relationship Tshift = 215 - 1.5 oy.. The reliable determination of CVN values for use in linear
elastic fracture mechanics (LEFM) work is difficult for low strength steels such as A-36. At
the material thickness encountered a large fraction of plastic action is usual and LEFM does
not hold. Because of the elastic-plastic action the material undergoes ductile tearing rather
than cleavage fracture.

K, - 9.35 (CVN) °63

210 (Roberts and Newton, Ref 19)

K = 15.5 (CVN)112

(Corten and Sailors, Ref 18)180 'P b
= 7.616 (CVN)3'4

(Rolfe and Barsom)

150

120
gic

(ksi in) 90

60

30

0
0 20 40 60 80 100 120 140

CVN (ft.-lbs)

Fig. 2.6 Various Correlations Between Ki, and CVN

All of the case studies presented herein are for floor systems fabricated of A-36 steel.
All probably predate the use of toughness requirements for bridge steels, but A-36 in the
thicknesses typical of the three case histories herein has been a fracture tolerant material.
Data for KIc for A-36 steel has be shown to be difficult to evaluate for LEFM [9]: the data
presented in Fig. 2.7, reported by Barsom and Rolfe [31, provides a guide to approximate KIc
values consistent with CVN limits. The temperature shift equation is illustrated on this plot.
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50-

45- A

40- A A

35- sA

300
30- OP7 uts

25 A Illsration of

K, temperature shift =

(kr) 20- 215 - 1.5 x 36 = 1611 F

15-

10-

5-

400 -350 -300 -250 -200 -150 -100 -50 0 50

Temperature, OF

Fig. 2.7 Kic Data for A-36 Steel Reported by Rolfe and Barsom

The data shown in Fig. 2.7 are for dynamic load, and are terminated at Kic values for which
the parameter controlling plane-strain is exceeded, 13 = 0.4. This is the Irwin (LEFM)

plane-strain limit, fc = B(Klc/Oys)2 , where B is the specimen thickness.

To illustrate the application of a Ki, limit consider a hypothetical case of a location
where the cyclic stress induced by traffic is 10 ksi, i.e., Ao = 10 ksi, and the variation of stress
intensity is that of an edge crack on a wide plate element:
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I (a) AK = 1.12 Ao Vn-.

(b) Also let us consider that the temperature and material are consistent with a
KIc value of 40 (ksin).

(c) Thus we can write the following relationship: 40 = 1.12 x 10 x i7rWC

(d) Solve the expression in (c) for the critical value of crack length, acr
Hence, acr is determined to be 4.1 in.

The determination of a valid level of fracture toughness as measured by K-value (in

(ksiin) ) is not simple for A-36 steel for use in limits in LEFM. In the case of material

thicknesses from 3/8 up to 3/4 in. seen in the present cases the brittle behavior limit on

thickness as given by 151c = (Kl/y,)2 is violated (IIc = 0.4 )and ductile tearing can

be expected to dominate the failure. That is, for a Kic value of 40 (ksi n) and a Oyp of 36 ksi
then the value of B calculated is 3.1 in. This value has the meaning that for a material less than
say 3 inches in thickness ductile tearing can be expected and LEFM does not hold exactly.

For safety purposes, the lowest value of fracture toughness consistent with the lowest
climatic temperature for the bridge's location should be used for any design or repair
calculation of critical crack size.

The value of stress variation used above is high for at least one of our cases histories. If
the above calculation is repeated for only Ao = 2 ksi then the calculated value of acr is
determined to be 102 in. Such a value is beyond the geometric validity of the model being
used or the dimensions of the structural cross sections of concern herein.
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CHAPTER 3

CASE 1: THE SHADE-LOHMANN BRIDGE

I3.1 Description of Bridges

The 1-474 Shade-Lohmann Bridges are a pair of identical three span, cantilever
through trusses, as sketched (not to scale) inFig. 3.1. These twin truss bridges,built in 1973,
carry interstate highway, 1-474, over the Illinois River at Creve Coeur in Tazewell County,

Illinois. The bridges are designed for HS20-44 live load, and are symmetrical about the
center with 300 ft. anchorspans and a 540 ft. main span; the main span contains a 300 ft. long
suspended center section. The panel point designation scheme used for identification of
crack damage in the floorbeams is illustrated in the sketch of the bridge shown in Fig. 3.1. The
two spans are identical and each truss is symmetrical about the centerline. Panel points 14, 15
and 16 are at the hinge section of the suspended center span; the vertical member at panel 15
(U 15-LI5) is the span hanger. Member L14-L15 and U 15-U 16 have slotted connections at

points L15 and U15 to provide for longitudinal movement.The average daily truck traffic
(ADTT) was 1450 in 1984.

centerline

u10 [__,uspended span ]

U1I4 U151116

- 1 2 3 4 5 6 7 8 9 -IO 11 12 13 L4L516 17 18 19

Lanchor span -- 300 ft. rmainspan = 540 ft.

Fig. 3.1 Sketch of the Shade-Lohmann Bridge

The trusses are 42 ft. deep in the parallel chord segments in the anchor and suspended
spans and increase in depth to 76 ft. over the interior piers. The composite concrete deck has a
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I
thickness of 7 1/2 inches and a total width of 42.5 feet. The clear roadway width is 39 feet. The
deck has been covered with a coal tar interlayer and 1 1/2 inch thick bituminous concrete
wearing surface. Both superstructures have welded plate girder approach spans.

3.2 Inspection and Detection

IInspections (1986-1989) of the steel girder floor beams on the Shade-Lohmann
Bridges revealed the existence of cracks [11] which are not attributable to expected causes.
These cracks occur in the web to flange weld at the ends of the floor beam girders and are
propagating horizontally inward (i.e. towards the center-line of the bridge). A typical crack
configuration is illustrated in a sketch of the floor beam end with the crack location is shown
in Fig. 3.2 and a typical crack is also shown in the photograph in Fig. 3.3.

The cracks typified by the sketch in Fig. 3.2 are located just slightly below the junction of the
web and flange of the floor beam at the fillet weld toe. The inspection report [11, p. 13] notes
the following:

"The predominant and most serious defect occurring in the truss spans is
cracking in the ends of the floorbeams. The cracks are in the top
flange-to-web fillet weld toe at both ends of most of the floor beams and
usually on both sides of the web. Holes were drilled in the webs and through
welds at or near the tip of the cracks to arrest crack growth. A few of the cracks,
though, have propagated past the drill holes and still others past a second hole
drilled because of previous crack growth. New cracks have also been
discovered in the floorbeam ends at locations where none were first reported.
A few locations were also found where cracks have initiated in the webs where
small tack welds were used to secure the clip angles of the floorbeam..."
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crack length (Figs. 3.2 and 3.3)

S 
0

0 Crack near Mco

S S 0

*0 Floor beam
0
0

Bottomn 0

I Fig. 3.2 Sketch of Typical Floorbeamn Crack Location
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Fig. 3.3 Photograph of Typical Web Cracking in Floor Beam

The occurrence of the cracks in the floor beam ends at the top flange-to-web region at

various panel points along the span is illustrated in Fig. 3.4a and 3.4b for half of the span

carrying eastbound 1-474 traffic. Fig. 3.4a refers to the upstream end of the floor beam and

3.4b to the downstream end. Note that the alignment of the bridge is more nearly north-souit)

as it crosses the Illinois River at this location. These data come from the detailed tabulatio~n

[I1I] of inspection results for 1985 and 1986.
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8 f West Face of FloorbeamI8
[I East Face of Floorbeam

6

Crack
length
(inches) 4

1 2

W-01 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19

Panel point, upstream side, East Bound Bridge
(Carrying eastbound traffic, the bridge alignment is more nearly norih-south.)

Fig. 3.4a Crack Measurements at Floorbeam Ends, Various Panel Points
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